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Stimulation of Polariton Photoluminescence in Semiconductor Microcavity
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Photoluminescence at low temperature is studied for a CdTe-based microcavity tuned to resonance
with a quantum well exciton. Two distinct stimulation effects are observed with increasing excitation.
The first one is associated with the lower polariton state in the strong exciton-photon coupling regime.
This effect, whose physical origin has not yet been identified, could be favored by the higher stability
of exciton in CdTe. The second stimulation, obtained for much higher excitation, can be assigned to
the electron-hole plasma in the weak coupling regime. [S0031-9007(98)07578-4]

PACS numbers: 71.36.+c, 42.55.Sa, 78.45.+h

Optical properties of semiconductor microcavities havewell exciton so that the emitting polariton state is mostly
attracted new interests since the observation of the stronghotonlike ¢/3 photon and1/3 exciton in [19]). For
coupling regime by Weisbuddt al. [1]. Thisregimeisre- high enough excitation a stimulated emission is observed,
alized when the coupling between the exciton confined irshifted to the blue with respect to the spontaneous
guantum wells and the photon mode confined in the cavitgmission by about 2 and 0.3 meV for the ZnSe and
exceeds their own damping and lifetime. Experimentally,CdTe microcavity, respectively. According to the authors,
the strong coupling regime is most easily demonstrated bthis small shift is evidence that the microcavity is still
the anticrossing behavior exhibited by the exciton and thén the strong coupling regime. This conclusion is of
cavity mode when they are brought into resonance. The regarticular interest, not only from the theoretical point of
sulting coupled exciton-photon system is considered as bedew but also for device application prospects. In this
ing cavity polaritons in analogy to bulk excitonic polaritons paper, the fundamental issue of polariton stimulation is
[2]. Basic physical properties of cavity polaritons havereexamined under new experimental conditions. Noticing
been investigated in IlI-V semiconductor microcavitiesthat the usual lasing action in the weak coupling regime
[3-8], and recently in II-VI semiconductor microcavities of microcavities always takes place at the photonlike
as well [9-11]. One of the recent issues is the behavmode, it is decided to measure the PL for exact tuning
ior of cavity polaritons in the nonlinear excitation regime of cavity photon mode and quantum well exciton. This
[12-19]. Itis well known that excitons could be ionized ensures that the polariton states under study are half
under high carrier injection, and thus the microcavity sys-excitonlike and half photonlike. Moreover, a CdTe-based
tem should switch to the weak coupling regime when in-microcavity optimized for a high splitting-to-linewidth
creasing the carrier density. Indeed, current vertical cavityatio (about 8.5) is used for a better distinction between
surface emitting lasers operate by population inversion ofhe strong and weak coupling regimes. Under these
the electron-hole plasma in the weak coupling regime. Omxperimental conditions, it is unambiguously shown that
the other hand, stimulation of polaritons is theoreticallypolariton PL can be stimulated for moderate excitations
expected in any scattering process involving these quasat low temperature. For higher excitation densities, one
particles due to their bosonic character [20]. Howeverpbserves a shift of the PL line exactly equal to half of the
careful spectroscopic measurements in GaAs-based micr&®abi splitting and the subsequent stimulated emission of
cavities show no evidence of polariton stimulation since althe electron-hole plasma in the weak coupling regime.
observed optical nonlinearities with thresholdlike behav- The sample used in this work is grown by molecular
iors could be explained in terms of electron-hole correlabeam epitaxy (MBE) on aCdggsZng2Te substrate.
tions in the weak coupling regime [15-17]. It consists of sixteen CdTe quantum wells in 2a

As exciton ionization seems to be the limiting factor, CdggoMng,0Te cavity. The quantum wells, 50 A
II-VI wide bandgap semiconductor microcavities appearthick separated by 70 A ofCdggMngoTe barriers,
to be better candidates for the observation of polaritorare arranged in three groups of four and two groups of
stimulation. For example, the stability of excitons intwo at the antinodes of the cavity standing wave. The
ZnSe quantum wells is enhanced due to their smalletop and bottom cavity mirrors are distributed Bragg
Bohr radius, and their active role in stimulated emissiorreflectors made of thirteen and eighteen pairs g
is often needed to explain gain measurements [21,22{Cdo75Mng25Te/CdgsMgosoTe layers, respectively.
Recently photoluminescence (PL) of ZnSe- and CdTeThe maximum reflectivity in the stop band is estimated to
based microcavities has also been investigated in thee about 0.95. The sample is cooled down to 4.2 K for
nonlinear excitation regime [18,19]. In both studies, theoptical measurements. PL is measured by nonresonant
cavity photon mode is at lower energy than the quantunexcitation into the band-to-band continuum of quantum
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wells at about 1.8 eV (above the reflectivity stop band)ures 1(b) and 1(c) show PL spectra of the microcavity for
The excitation source is a dye laser pumped by a frequenaero detuning, as a function of the excitation density. For
doubled Nd:YAG laser that delivers 5 ns pulses at a repelow excitations, the spectrum consists of a single line at
tition rate of 10 Hz. In order to obtain a homogeneousl659.7 meV that can be assigned to the spontaneous emis-
excitation spot, the dye laser beam is first expanded ansion from the lower polariton. Its width is about the same
then only a small area in its center part (1:100) is selecteds in the reflectivity spectrum. No emission from the upper
and focused to a spot of aboB® um diameter on the polariton is observed at low temperatures due to thermal-
sample. The pulse energy can be varied upltpJ ization effects. With increasing excitations the PL exhibits
corresponding to a maximum excitation density of abousuccessively two thresholdlike behaviors, the first one oc-
20 MW /cm?. Reflectivity and PL measurements arecurring at40 kW/cn? and the second one & MW /cn?
analyzed with a Jobin-Yvon THR-1000 monochromator(see Fig. 2). The fact that there are 2 orders of magni-
equipped with a charge-coupled device (CCD) detector. tude between the two threshold values clearly indicates
Figure 1(a) shows the reflectivity spectrum of the mi-that their physical mechanisms should be different. Note
crocavity for zero detuning, i.e., when the cavity modethat PL spectra displayed in Figs. 1(b) and 1(c) are nor-
is resonant with the 1 s ground state of the heavy-holenalized to the corresponding excitation densities. Thus, a
exciton in quantum wells. The upper and lower po-superlinear (sublinear) dependence of PL intensity on exci-
lariton states are well resolved (FWHM 2.7 meV) at tation should give an increase (decrease) of the normalized
1681.6 and 1658.7 meV, respectively. The measured RabBpectra.
splitting of about 23 meV is consistent with an exciton Let us describe first the low threshold nonlinearities. As
oscillator strengthf =~ 2.3 X 10" ¢cm~2 [10] and an es- shown in Fig. 1(b), the lower polariton emission increases
timated effective number of quantum wellgs =~ 14. At linearly with excitations up to abod) kW/cn? since its
room temperature, this microcavity is still operating in thenormalized PL remains unchanged. Then for a further
strong coupling regime but with a Rabi splitting reduced toincrease of excitation a new line, labeled emerges
about 17 meV because of LO phonon scattering [3]. Figfrom the high-energy shoulder of the lower polariton line
(we have carefully checked that similar nonlinearities are
— T T T T T obtained also for exciton-photon detunings in the range
T=42K reflectivity (a) *+5 meV). The sharpness of the line (FWHM 0.8 meV
as compared to the bare cavity FWHM 4 meV) and
its sudden appearance resemble the onset of stimulated

A kW/cm? emission. However, the most remarkable feature is the
50 spectral position of this line with respect to that expected
— in the case of transition to the weak coupling regime. For
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FIG. 1. Optical measurements at 4.2 K and for zero detuning. 10 10 10 10 10 10
(a) Reflectivity spectrum. (b) PL spectra for a range of Excitation density (kW/cmz)
excitation densities. The excitation is at 1.8 eV. All spectra are
normalized to the corresponding excitation densities (see textFIG. 2. Integrated PL intensity at 4.2 K, as a function of
The A line is stimulated PL associated with the lower polariton excitation density. Excitation is at 1.8 eV. Solid squares are
state in the strong exciton-photon coupling regime. (c) Samexperimental data. The dotted line is only a guide for the eyes.
as in (b). TheB line corresponds to the stimulated emission of Onsets of excitation density effects as observed in Figs. 1(b)
electron-hole plasma in the weak coupling regime. and 1(c) are indicated.
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zero detuning the bare cavity mode and the bare quantumicrocavity (as compared to 3.8 meV for a complete
well exciton are expected at 1670 meV that is well aboveexciton saturation, Fig. 1 in [19]) and 1.7 meV for the
the position of theA line at 1661.4 meV. This clearly 16-quantum-well one [as compared to 11.5 meV,
shows that the observed PL stimulation actually occurs ifrig. 1(b)]. If this blueshift is due solely to a variation
the strong exciton-photon coupling regime. of the exciton oscillator strength, it is not consistent
Figure 1(c) shows PL spectra under higher excitawith the exciton saturation mechanism. Another possible
tion conditions. Starting fromrd0 kW/cn?, the A emis-  explanation is stimulation of cavity polaritons as recently
sion line increases linearly with excitations up to aboutproposed by Imamoglet al.[20]. They theoretically
150 kW/cm?, without any change in its width and in show that a strong enhancement of the lowest polariton
its position. Then for higher excitations up to aboutpopulation can be obtained by relaxation scattering with
1 MW /cn? it broadens continuously and slightly shifts phonons when the exciton reservoir occupancy exceeds
to the blue (by less than 1 meV). For still higher excita-that of the phonons. Since this kind of stimulation
tions another line, labele, appears on the high-energy effect is a direct consequence of the bosonic character of
shoulder of thed line. It shifts to the blue at the final polaritons, it is to be expected also with other excitonic
position at 1670 meV that corresponds exactly to the barscatterings, e.g., exciton-exciton interaction.
cavity mode (that is also the bare quantum well exciton In any case, the key parameter for stimulation in the
for zero detuning). Now excitons are completely ionizedstrong coupling regime is the degree of exciton stabil-
and the microcavity system is switched to the weak couity under high excitation conditions, which is strongly
pling regime. Stimulation at the cavity photon mod# ( in favor of wide bandgap semiconductors. For example,
line) is observed for a threshold of abol® MW /cnm?  the saturation density of excitonic resonance (i.e., the
(see Fig. 2) and a linewidth FWHM 2.5 meV, that is  density for which the oscillator strength is divided by a
about half of the bare cavity width. At the highest excita-factor of 2) is typicallyN, ~ 4.3 X 10" cm™2 in 75 A
tions, the PL intensity eventually decreases, maybe due tmGaAs quantum wells [12] and 6.6 X 10 cm™2 in
heating effects. As in GaAs microcavities [15—17] simu-76 A GaAs quantum wells [13] for exciton binding en-
lation in the weak coupling regime proceeds via populaergiesE ~ 10 meV and Bohr radiia ~ 130 A. These
tion inversion of the electron-hole plasma. In Fig. 1(c), avalues of Ny are probably below the density required
detailed examination shows that tiBeline coexists with  for polariton stimulation since no such effect is observed
the A line for a certain range of excitations. This is notin GaAs-based microcavities [15—-17]. In ZnSe quan-
fully understood for the moment, and the first explanationtum wells, excitonic effects are much stronger, yielding
that comes into mind is a nonuniform distribution of exci- binding energies as high & ~ 40 meV [22]. Conse-
tation energy over the pump spot. Then éine would  quently, the exciton Bohr radius is very small~ 25 A
be emitted by the part of the pump spot with the highestwhich results in an exciton saturation density in the range
energy density (probably the spot center) andAhine  of 10'> cm™2. Recently, stimulated emission associated
by the part with the lowest density (spot edge). with the photonlike mode has been studied in a ZnSe-
The experimental data clearly show that the low threshbased microcavity [18]. Although the stimulation mech-
old optical nonlinearities are related to the lower polaritonanism is not clearly identified, gain spectroscopy shows
state in the strong exciton-photon coupling regime, conthat excitons are not completely ionized at a threshold
firming the early report in Ref. [19]. They cannot be duedensity of abou2 X 10'> cm™2. To our knowledge, the
to the absorption bleaching phenomenon discussed in [1Bgaturation density has not been measured in CdTe quan-
because the lower polariton state is not in resonance wittum wells. To have an estimate, we use the theory of
any excited state. However, partial saturation of excitorSchmitt-Rink et al. [23], assuming that the steady elec-
states can result in photon stimulation and bring aboutronic state is formed by excitons (see below). Then the
conventional lasing if the microcavity losses (mainly saturation densitw, is given byN,7a? ~ 0.117, where
mirror losses) are small enough. In CdTe-based microa is a 3D effective Bohr radius which roughly follows
cavities, mirror losses amount to more than 5%. Thus théhe relationEa ~ const [23]. From exciton bulk values
minimum gain per pass per quantum well needed for conbinding energyE ~ 10 meV, Bohr radiusa ~ 70 A)
ventional lasing would be 0.3% for our 16-quantum-welland the measured value = 25 meV in our 50 A quan-
microcavity and 2.5% for the 2-quantum-well microcavity tum wells [10] we deduce ~ 28 A. This gives a satura-
of Ref.[19]. These gain values are rather high andion exciton densityV, ~ 4.8 X 10!! cm™2, which seems
would imply significant reduction of the exciton oscillator reasonable in regards to GaAs and ZnSe. Unfortunately,
strength, especially for the 2—quantum-well microcavity.the direct comparison ofV; to the exciton density at
If the strong coupling regime is not destroyed yet therthreshold is made difficult by the use of nhonresonant exci-
one would expect a relative decrease of the Rabi splittingation in our measurements. Electron-hole pairs are cre-
stronger for the 2-quantum-well microcavity than for theated by 1.8 eV excitation that is about 140 meV above
16-quantum-well microcavity. Actually a blueshift is polariton states. Scatterings between carriers and with
observed for the lower polariton state in the nonlineaoptical) phonons result in fast thermalization and for-
excitation regime: 0.3 meV for the 2-quantum-well mation of excitons by the bimolecular process. At high
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